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Although retinoids r e veal various biologic and bio-
chemical activities on epidermal kera tinocy tes, their 
effects on the epidermal cyclic AMP (cAMP) system h as 
been less well characterized. In orde r to eluc idate the 
r elation be tween them , an in vitro pig s kin-slice incu-
bation sys t e m was employed. After a long-term (up to 
2 4 h) incuba tion in vitro , control skin responded to 
epinephrine only slightly. The addition of Ro 10-1670, 
an a ctive derivative of Ro 10-9359 (etretinate) in the 
incubation medium, resulted in an increase of the beta-
adrenergic adenylate cyclase respons e of epide rmis. On 
the other hand, histamine-induced cAMP accumulation 
was decreased by the retinoid treatment after long-term 
incuba tion. The augmentation of the beta-adrenergic 
r e$ponse was observed at 1 J.LM concentration and the 
maximal e ffect w as observed at 10 J.LM. There was no 
significant differ e nce in cAMP phosphodieste rase activ-
ities between the control and retinoid-treated skin. T h e 
effect was a lso observed by t h e addition of all-trans -
r etinoic acid, r etinol, and Ro 10-935 9; the la tter two 
compounds r evealed much lesser effects. The addition 
of combinations of various drugs (Ro 10-1670 and hy-
drocortisone ; Ro 10-1670 a nd colchicine) resulted in 
more marked (additive or synergistic) e ffects than the 
s ingle a ddition of each chemical. On the other hand, the 
addit ion of Ro 10-1670 and all-trans-re tinoic acid re-
sulted in ne ithe r addit ive nor sy ne rgistic effect, sug-
gesting that they probably work on the same site. Our 
data indicate that th e epide rmal be ta-adrenergic 
ade ny la te cyclase response is modulated by retinoids 
probably as a n inde pendent mech a nism s timulated by 
glucocorticoids or colchicine . 
It has been suggested that t he dec reased beta-adrenergic 
adenylate cyclase responsiveness might be associated wi t h the 
increased rate of epiderma l cell prolife ration [1 ,2]. F or example, 
various tumor-promote r t reat ments in vivo, which induce epi -
dermal hyperplasia, resulted in t he ma rked desensit ization of 
t his recepto r response (3,4] . The followin g studies revealed t hat 
t he reduction of t he beta-adrene rgic response is not a tumor-
promoter -specific event. Mezerein , which shows a minimal 
activity as a "complete" tumor promote r [5), but has a strong 
hyperplasioge nic activity, a lso decreased t he beta-adrenergic 
responsiveness of epidermis [6]. The desensit ization as well as 
epidermal hyperplas ia is a lso obse rved by a tumor-ini t iator, 
benzo(a) py rene treatment in vivo [7]. Furthe rmore, t he dese n-
sit ization has been reported in pathologic hyperproliferative 
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Abbreviations: 
cA MP: cyclic adenosine 3',5' -monophosphate 
Ro 10-1670: all -E-9-(4- methoxy-2,3,6-t rimethyl-phenyl) -3,7-di-
methyl-2,4 ,6,8- nonatetrae noate 
Ro 10-9359: ethyl(all -E)-9-(4-methoxy-2,3,6-trimethyl-phenyl)-
3, 7 -dimethyl-2,4,6,8-nonatetraenoate 
co ndit ions of epidermis including pso rias is [8,9] . Thus it ap-
pears t hat t he reduction of t he beta-adrenergic response is 
closely (but certainly not necessarily [10]) associated wit h the 
induction of epidermal hyperpl asia. 
Rece nt studies from our laboratory revealed that p ig epider-
mal kerat inocytes gradua lly lost their catechola mine sensit ivity 
during long-te rm incubation in vit ro (ll]. Consequent ly it was 
found t hat. t he addi t ion of glucoco rt icoids or colchicine in the 
incubation medium resul ted in t he a ugmentation of t his recep-
tor response [ll ,12]. Interestingly t hese chemicals are known 
to have inhibitory effects on epiderm al ke rat inocyte prolifera-
t ion a nd have clinical efficacy on t he psoria t ic hyperprolifera-
t ive epidermis [12]. These findings as well as t he above-men -
tioned relat ion between t he beta-adrenergic dese nsitization and 
epidermal hyperplasia, suggested to us t hat the augmentation 
of t he beta-adrenergic response by t hese chemicals might in 
part be assoc iated wit h t heir clin ical e fficacy. 
It is well established that retinoids are clinically effective in 
t he t reatment of psorias is. In t his communication , we report 
the effect of retinoids on the epiderma l cyclic AMP (cAMP ) 
system . As reported below, retinoids again increased t he beta-
adrenergic response of epidermis. Wilkinson a nd Orenberg [13) 
reported t hat ret inoids increased prostaglandin -induced cAMP 
accumulation of guinea pig keratinocytes in vit ro. T o our 
knowledge, however , t here is to date no report showing t hat 
the epiderma l beta -adrenergic ade nylate cyclase response is 
modulated by retinoids. 
MATERIALS AND METHODS 
T he experimental procedures were the same as previously described 
[11 ]. Domestic pigs weighing about 10 kg were anesthetized with 
Nembutal (Abbott Laboratories, North Chicago, Illinois) i.p. (30 mg/ 
kg) . Fi ftee n minutes after the anesthesia, skin slices were taken from 
the bac ks of pigs by use of a Castroviejo keratome (Storz Instrument 
Co., St. Louis, Missouri ) set at 0.2 mm. The skin slices were then cut 
into 5 x 5 mm squares, washed 3 t imes in RPM! 1640 medium, and 
the skin squares were fl oated wi th their keratin layers up in 10 ml of 
RPM! 1640 medium with added antibiotics (100 U/ml penicillin, 0.1 
mg/ml streptomycin , 0.25 l'g/ml fungizone) and various chemicals to 
be tested. The incubations were done at 37•c in an atmosphere of 5% 
C02 in ai r. Since retinoids such as Ro 10-1670 are relatively insoluble 
in ethanol, they were all dissolved in DMSO and added in the incuba-
tion medium. The final concentration of DMSO was 0. 1% unless 
otherwise st{lted. After an appropriate time, skin squares were trans-
fe rred and fl oated in new RPM! 1640 medium at 37•c fo r cAMP 
accumulation studies. Epinephrine- induced, and histamine- induced 
cAMP accumulations were determined as previously described [11] 
using a Yamasa cAMP assay kit (Yamasa Shoyu Co., Tokyo) after 
partial purification by the method of Yoshikawa et al(14]. Since skin 
treated wi th DMSO gradually increased adenosine response of epider-
mis (Watanabe, Iizuka, and Ohkawara, manuscript in preparation}, 
only epinephrine and histamine responses were determined. 
The cAMP phosphodiesterase activities in skin squares were meas-
ured by the method of Adachi et al [15] wi th the substrate cAMP 
concent rations for low and high K, enzymes, 0.75 fLM and 102 fLM , 
respectively. Protein concent rations were measured by the method of 
Lowry et al [16]. The statistical significance of the data obtained was 
evaluated by Student's t-test. 
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RPM! 1640 medium was purchased from GIBCO (G rand Jsland, 
New York}. Penicillin-streptomycin -fungizone mixture was obtained 
from M.A. Bioproducts (Walkersville, Maryland). Ro 10-1670 and Ro 
10-9359 were generous gifts from Nippon Roche K.K. (Tokyo, J apan}. 
Al1 - tran,~- retino ic acid was obtained from Sigma Chemical Co. (St. 
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Louis, Missouri). All other chemicals were purchased from Nakarai 
C hem icals Ltd. (Kyoto). 
RESU LT S 
After a long-term (24- h) incubation wit h va rious concent ra-
tion s of a synt hetic retinoid, Ro 10-1670, t he beta -adrenergic 
a d e n y la te cyclase response of pig epidermis was shown to be 
m a rke dly increased compared wi t h t he cont rol epidermis (Fig 
1). On t he othe r hand, histamine response was markedly de-
c reased after t he same long-term incubation (Fig 1). There was 
no significa n t d iffe rence in t he t ime course of t he beta-adre-
ner gic (o r histamine) response between con t rol a nd t he reti -
noid-treated skin ; t he maximal accumulation was observed at 
5 min in both ski n groups (data not shown ). 
Alt h ough t he direction of t he effect of t he retinoid was 
opp osite between t he beta-adrenergic a nd histamine receptor 
systems, t he concent rations required for t he effects were simi -
la r; t h e max ima l effect was observed at a round 10 JlM (Fig 1). 
T h is different ia l effect of t he retinoid was incubation t ime-
d ep e ndent . It was usually apparent at 6- h incubation . No effect 
was observed at 2-h incubation (data not shown ). The addi t ion 
of t h e retinoid a lone in the incubation medium had no effect 
on t h e cAM P levels of t he skin ; t he basa l levels of cAM P 
with o u t t he addi t ion of t he adenylate cyclase stimulato rs were 
a ll a r o und 1 p mol/ mg protein (data not shown ). There was no 
sign ifica nt di fference in eit her low or high K .. cAM P phospho-
diester ase act ivit ies between t he cont rol and t he retinoid-
treated epidermis afte r t he 24-h incubation (Fig 2). S ince at a 
lon ger incubation t ime (48-h ), t he retinoid revea led a somewhat 
toxic e ffect on keratinocytes (especia lly at higher concen tra-
tion s), t he rest of t he study was performed at 24-h incubation 
tim e, when the effect on the beta-adrenergic system was usua lly 
m ost m arked. 
Comparison of t he effects of va rious retinoids as well as 
v itam in A (retinol) revealed t hat a p hysiologic retinoid, a ll-
trans -retinoic ac id, and a synt hetic retinoid, Ro 10-1670, had 
most m arked effects on t he beta-adrenergic system of epidermis 
(Table I ). Reti nol and Ro 10-9359, an este ri fied derivative of 
Ro 10-1670, a lso revealed significant but much wea ker effects 
than t he othe r compounds (Table I) . T he augmentation of t he 
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F IG 1. Effects of va ri ous co ncent rat' ions of Ro 10- 1670 on the bet.a -
adrene rgic, and histamine responsiveness of the sk in. Pig skin squares 
we re incubated with va rious concentrat ions of Ro 10- 1670. Ro 10-1670 
was dissolved in DMSO and the fina l concent ration of DMSO in the 
incubation medium was 0. 1 '!;, (v/ v) , except for !iO 11M Ro 10-1670 
medium where the DMSO co ncentration was 0.5% (v/ vl. Control 
medium contained 0. 1% DM:::iO alone. At 24 -h incubation , ski n squares 
were then incubated with adenylate cyclase stimu lators as desc ribed in 
the text. Data are the mP<>ns ± SE of 5 indepe ndenL expe rimenl.s. 
Arrows indicate the conLrv1 skin response. • = p < 0.0 1 compa red with 
con t ro l sk in response. 
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Ftr. 2. Effects of various concent rations of Ro 10-1670 on the cAMP 
phosphodieste rase act ivities of the skin. Pig skin squares were incu-
bated exactly the same way as in Fig I. After 24-h incubation, skin 
squares were frozen between 2 plates of dry ice and phosphodiesterase 
activity was determi ned. Number of independent experiments is shown 
in parentheses. Arrows indicate the cont rol skin phosphodieste rase 
activities. 
TABLE I. Comparison of the effects of various retinoids on the beta-
adrenergic adenylate cyclase system of epidermis 
Co ntro l 
Retino l 
Retinoic acid (a ll -trans-) 
R.o 10-9359 
Ro l0 - 1670 
Cyc lic AMP pmol/ mg protein 
Epineph rine 
1.8 ± 0.1 (9) 
3.7 ± 0.3* (9) 
9.3 ± 1.2* (9) 
2.2 ± 0. 1 ** (9) 
8.6 + 0.9· (9) 
Epinephrine+ 
theophylline 
30.3 ± 2.3 (6) 
n.d . 
73 .9 ± 3.9* (6) 
n.d. 
62.9 + 4.5* (6) 
Pig skin squares were incubated with various ret.inoids for 24 h, and 
we re then incubated with 50 11 M epi neph rine in the presence or absence 
of 5 mM theophylline for 5 min. Retinoids were dissolved in DMSO 
and the final concentrations of retino ids and DMSO in the incubation 
mediu m was 10 11M and 0.1 % v/ v, respectively. Dat.a are expressed as 
cAMP pmol/ mg protein ± SE. T he numbers in parentheses indicate 
the number of points. • = p < 0.01 compared with cont rol: •• = p < 
0.05 compared with cont rol. The basa l levels of cAMP without the 
addition of epi nephrine we re all around 0.8- 1 pmol/ mg protein. 
beta-adrenergic response was a lso obse rved when cAMP p hos-
phodieste rase inhibi tor, theop hylline, was included in t he in-
cubation medium fo r cAMP accumulations (Table I). 
T he simul taneous addi t ion of retinol and all -trans-retinoic 
ac id in t he incubation medium resulted in ne ither additive nor 
synergistic effect on t he beta-adrenergic system of epidermis 
(Tab le II , Experimental series 1). Simi larly the sim ultaneous 
add ition of a ll -trans- retinoic acid and Ro 10-1670 revealed no 
addi t ive effect (Table II , Experi me ntal se r ies 2) . On t he other 
hand, t he simultaneous addition of Ro 10-1670 and hydrocor-
tiso ne (Table II , Expe rimental series 3) and the simultaneous 
addi t ion of Ro 10-1670 and colchic ine (Table II , Experimenta l 
series 4) at the ir optimal concent rat ions resul ted in t he more 
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TABL E II. Effec/.s of variou.s combinations of dru.gs on the bela-
adrenergic adenylate cycla-' e responses 
Experimenta l se ri es 1 
Cont rol 
Retino l 
Ret inoic acid 
Both agents 
Expe rimenta l se ri es 2 
Con trol 
Hetinoic ac id 
Ro 10-1670 
Both agents 
Exper ime nta l se r ies :1 
Cont rol 
Ro 10- 1670 
H ydrocort isone 
Both agen ts 
Experimenta l se r ies 4 
Control 
Ro 10-1670 
Colch icine 
Both agents 
Cycl ic AMP 
pmol/ mg 
p rotein 
:2.1 ± 0.2 
2.9 ± 0 .2** 
7.8 ± J. l * 
6.9 ± 0.4* 
:3 .3 ± 0.2 
10.3 ± 0.5* 
9.6 ± l.O* 
7.8 ± 0.3* 
1.6 ± 0.2 
3.3 ± 0.3* 
5.3 ± 0.7* 
13.3 ± 0.9* 
5.4 ± 1.1 
11.1 ± 1.2** 
28.1 ± 2.2* 
40.3 ± 2. 1* 
P ig skin squa res were incubated with va rious chem ica ls for 24 h , a nd 
were t hen incubated wit h 50 I'M epi nephr ine fo r 5 mi n. Each experi-
menta l series was pe rformed usi ng p ig skin obtai ned on t he same 
occasion. Data were exp ressed as cAMP pmoljmg protein ± SE (n = 
4) . The conce ntrations of each drug we re re t inol (10 I' M), all -trans-
retinoic acid ( 10 I'M) , Ro 10-1670 (10 ,uM) , hyd rocort isone (100 I'M), 
a nd colch ici ne (I I'M). All the retinoids were di ssolved in D MSO a nd 
t he fi nal concent ration of DM SO was 0. 1% (v/v). As t he cont rol, 0. 1% 
DMSO was added in t he incubation mediu m. • = p < 0.01 compa red 
wit h control; •• = p < 0.05 co mpared wit h contro l. T he basal levels of 
cA M P without the addition o f epinephri ne were a ll a rou nd 1 pmol/mg 
p rote in . 
marked (addit ive or synergistic) beta-adrenergic augmentation 
of ep idermis t han t he s ingle add it ion of each chemical. 
DISCUSSION 
Our data clea rly indicate t hat t he ep idermal beta-adrenergic 
adenylate cyclase response is augmented by a synt hetic reti -
noid, Ro 10- 1670, after a long-term incubation in vit ro (Fig 1, 
Table I). Since t here was no significant diffe rence in phospho-
diesterase activity (Fig 2), a nd since the effect of t he retinoid 
was obse rved in the presence of phosphodiesterase inhibitor, 
theophylline (Table I) , it seems t hat the retinoid wo rks specif-
ica lly on t he beta-adrenergic adenylate cyclase system of epi-
dermis, result ing in t he augmentation of its response. On the 
other hand, t he retinoid revealed a tox ic effect on the histamine 
recepto r response of epidermis (Fig 1). Simila r diffe rential 
effects among each receptor response have been shown by 
various chemicals [12]. 
Among various ret inoids, a ll -t rans-retinoic acid and Ro 10-
1670 revea led most ma rked effects on the beta-adrenergic sys-
te m of epidermis (Table l). Reti nol had a significant but much 
weaker effect tha n its ox idized metaboli te, all -trans-retinoic 
acid (Table l ). lt is known that whereas retinol can be oxidized 
to retinoic acid, reverse reaction does not occur in vivo [17] . 
Since reti nol had a much weaker effect on the beta-adrenergic 
response, a nd since t he simultaneous addi t ion of both retinol 
and retinoic ac id resul ted in no additive result (T able II, Ex-
perimental series 1), it seems t hat retinol probably works after 
its oxidation to retinoic acid in our system, alt hough no direct 
ev idence for such con ve rsion is available at present . Ro 10-
9359 (etretinate) similarly had a significant but much weaker 
effect t han its active deri vative, Ro 10- 1670 (T able I). The data 
a re consistent with t he fi nding of Kitano eta! [18), that a small 
amount of Ro 10-9359 can be metabolized to Ro 10-1670 by 
keratinocytes in vit ro. Since t he simultaneous addit ion of the 
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two most potent age nts, retinoic acid and Ro 10- 1670, revealed 
no addit ive effect (Table II , Experimental series 2), t hey seem 
to work t hrough t he same mechanism possibly vi a a cytosolic 
retino ic acid-binding p rotein [17]. On t he other hand, results 
in T able 11 (Experimental series 3 and 4) suggest t hat retinoids 
probably work independent ly of glucocort icoids or colchicine 
on t he beta-adrenergic system of ep idermis. 
Our resul ts cont rast with t he previous report [13] where the 
beta-adrenergic response of human epidermal keratinocytes 
was li ttle affected by ret ino ids. T his might im ply t he species 
difference in response to retinoids [13]. We have no data on 
whether human epidermal keratinocytes are modulated by re-
tinoids in our experimental condition. Their system, however, 
contains nondelip idized serum, which conta ins a s ignificant 
amount of retinol [19]. T hus retinol (afte r its possible conver-
sion to retinoic ac id) might have masked t he effect of retinoids 
in t heir experi mental condit ion. For example, Fuchs and Green 
[19] reported t hat a small amount of retinol in t he nondelipi -
dized serum has a marked effect on keratinization of cultured 
human keratinocytes in vitro. 
T he mechanism by which retinoids increase t he beta-adre-
nergic response of epide rmis remains to be dete rmined. It has 
been known t hat t he adenylate cyclase is a membrane-bound 
enzyme complex, and the lateral movement of t he beta-adre-
nergic recepto r relative to t he catalytic uni t of the enzyme is 
required for t he activation of t he cyclase by catecholamine 
[20] . Thus epinephrine-dependent activation of adenylate cy-
clase increases wit h membrane fluidi ty [20]. Retinoids, which 
have various effects on keratinocyte membrane component 
[1 7,21- 23), are also known to increase t he membrane flu idity 
[24]. Recent ly Ponec [25 ] reported t hat retinoids decreased 
choleste rol synt hesis of cultured keratinocytes in vit ro. Inter-
estingly cholesterol has been known to have an inhibitory effect 
on t he membrane fluidi ty (26]. It is a lso interesting to note 
that other agents t hat increase the beta-adre nergic response in 
our system [11 ,12] induce similar effects on t he membrane 
microenvironment . Glucocort icoids increase the membrane flu-
idi ty [27]; colchicine releases the beta-adrenergic receptor freely 
movable, which is usually bound to t he cytoskeletal microtubule 
system [28]. 
Despite considerable clinical effi cacy on the psoriatic hyper-
prolife rative epidermis, effects of retinoids on epidermal kera-
t inocyte proliferation are cont roversial; both stimulato ry and 
inhibitory effects are reported (see [29,30]) . This is a lso true 
for t he effect of cAMP and catecholamine on t he epidermal 
keratinocyte proliferation (see [31]) . Recent ly Marcelo and 
Tomich [32] reported that t he effect of cAMP on human 
keratinocyte proliferation might be biphasic: stimulatory at 
moderate increase, and inhibitory at higher increase of cAMP 
[32]. Higher increase of cAMP such as that induced by cholera 
toxin is known to stimulate keratinocyte proli feratio n (33]. The 
effect of cholera toxin, however, seems to be dependent on the 
cul ture condit ions; in a confluent cult ure system (which is more 
analogous to t he physiologic state of epidermis), the cholera 
toxin revealed an inhibitory effect on keratinocyte prolife ration 
[34]. T hese findings suggest that the effect of cAMP on kera-
t inocyte proli fe ration depends upon both culture condi tions 
and the magni tude of cAMP accumulation induced by various 
adenylate cyclase activators. Al t hough t he modulation of t he 
beta-adrenergic response by chemicals such as retinoids would 
modify the effect of epinephrine on epidermal keratinocytes, it 
remains unknown how t his augmentation effect is related to 
the therapeut ic efficacy of t hese chemicals on t he psoriatic 
hyperproli fe rative epidermis, where t he defective beta-adrener-
gic response is repeatedly observed [8,9]. 
Finally, it has been reported t hat quite subtle cha nges in 
cAMP level are suffic ient to fully activate cAMP dependent 
protein kinase of epidermis [35]. The slight increase in cAMP 
such as seen in control skin t reated wit h epinephrine (T able I) 
might then be sufficient to activate t he kinase, and increased 
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sen sitivity conferred by retinoids might be superfluous. How-
ever, t he concent ration of ep inephrine used in our experiments 
is much higher t han the phys iologic level of catecholamine 
available in vivo (36]. Thus the retinoid-induced modulation of 
t he beta-adrenergic response would be operative at a much 
lower cAMP accu mulation level phys iologically. 
The technica l ass istance of MissY. Abe and Miss F. Nakam ura, and 
t he sec retar ia l ass is ta nce of Miss A. Naeka were greatly apprec iated. 
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